The lignocellulose-degrading abilities of 11 novel actinomycete strains isolated from termite gut were determined and compared with that of the well-characterized actinomycete, Streptomyces viridosporus T7A. combined with measurement of acid-precipitable polymeric lignin yield was the most effective in identifying lignin-solubilizing strains. For the termite gut strains, the pH of the medium showed no increase after 3 weeks of growth on lignocellulose. This is markedly different from the pattern observed with S. viridosporus T7A, which raises the medium pH considerably. Production of extracellular peroxidases by the 11 strains and S. viridosporus T7A was followed for 5 days in liquid cultures. On the basis of an increase of specific peroxidase activity in the presence of lignocellulose in the medium, the actinomycetes could be placed into the same three groups.
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The lignin-solubilizing Streptomyces species examined to date have been shown to oxidatively depolymerize lignin as they degrade the cellulose and hemicellulose components of plant residues (8) . The depolymerization reactions produce a modified water-soluble, acid-precipitable polymeric lignin (APPL) as the principal lignin degradation product (13) . Extracellular lignin peroxidases are thought to participate in lignin depolymerization by fungi (22, 23) , and recently, an extracellular lignin peroxidase (actinomycete lignin peroxidase P3, ALiP-P3), was discovered in Streptomyces viridosporus T7A (34, 35) . The gene coding for ALiP-P3 has recently been cloned (37) .
Several other lignin-depolymerizing actinomycetes have been described previously (41). Thermonospora mesophila degrades lignocellulose and produces APPL (25, 27) . Streptomyces cyaneus, an APPL-producing actinomycete, grows on ball-milled straw and excretes an inducible extracellular protein involved in lignin solubilization (26) . Streptomyces badius 252 (31) produces a chemically distinct APPL (5) and recently has been found to excrete peroxidases similar to those of S. viridosporus (1) . S. badius 252 and S. viridosporus T7A have also been shown to solubilize Kraft lignins (16) . Recently, Ball et al. (3) found that, of 20 actinomycetes screened by using direct and indirect assays for ligninolytic activity, S. badius 252, T. mesophila, and S. cyaneus were the most active lignin solubilizers.
The range of actinomycete species capable of metabolizing lignin is unknown, since research to date has been done with only a few strains. All strains examined thus far solubilize lignin to an APPL-like product. It has not been established whether species that are capable of more complete degradation of lignin (i.e., complete mineralization) exist. In addition, it is not known whether all lignin-solubilizing actinomycetes convert lignin by a similar mechanism involving extracellular lignin peroxidases. Thus, examining a larger group of actinomycetes, isolated from a diversity of natural habitats, could lead to a better understanding of the enzymology of their lignin-degrading ability, as well as to a deeper insight into the role these bacteria play in recycling lignin in nature. In this study, we report on the ligninsolubilizing abilities of lignocellulose-decomposing actinomycetes previously isolated from termite gut (30 (2) , and the micro-Kjeldahl method (24), respectively.
Production of extracellular peroxidase in liquid culture. Each Streptomyces strain was grown in a cotton-plugged 250-ml flask containing 0.25% (wt/vol) yeast extract (Difco), 0.1% (wt/vol) L-proline, 0.1% (wt/vol) asparagine, and 0.1% (wt/vol) glutamic acid in 50 ml of nitrogen-free mineral salts solution (12 Fig. 1 and 2 . After 3 weeks of incubation, the mineralization of the [14C-cellulose]lignocellulose to 14CO2 averaged 18 to 20% for strains A2, A3, A7, A8, about 14 to 16% for strains A4, A6, S. viridosporus T7A, and A12, and 6 to 10% for strains A10, All, A20, and A14. Sterile controls produced a negligible 0.3%. The accumulation of 14C-labeled water-soluble products as a result of cellulose metabolism by the strains is also shown in Fig. 1 . The uninoculated controls showed an average 8.3% solubi- 25.83 lization. The strains that best mineralized ["'C-cellulose] lignocellulose to "'CO2 generally produced less "'C-labeled water-soluble products than did the less efficient lignocellulose degraders. Consequentially, the total amount of "'C recovered ("'CO2 and "'C-labeled water-soluble products) averaged 24 to 29% for almost all strains; lower values (18 to 20%) were observed in strains A10, All, A14, and A20. In all strains except A20, cellulose mineralization predominated over the accumulation of 14C-labeled water-soluble products, suggesting that with A20, end product inhibition of cellulose degradation may be higher than that for the other strains. The fact that almost all of the strains showed a good ability to attack the cellulosic fraction in the lignocellulose substrate confirms previously reported data that were based on nonradiorespirometric techniques (30) . Figure 2 shows the pattern observed for [14C-lignin]lignocellulose degradation. The total 14C recovered (14CO2 and 14C-labeled water-soluble products) varied little between the different cultures, averaging 1 to 2% for 14CO2 evolution and 6 to 10% for "'C-labeled water-soluble products, while the uninoculated control values were 0.6 and 2%, respectively. The values observed for the nontermite strain S. viridosporus T7A were slightly lower than those previously reported (32) . Previous data, however, were based on the use of a different labeled substrate. Previous work (11, 31) strain showing the highest Klason lignin loss (33%) was strain A2, followed by strains A3, A4, and A6 (22%), strains A7, A8, S. viridosporus T7A, and A20 (15%), and strains A10, All, A12, and A14 (less than 10%) (Fig. 3) . APPL production over the 4-week incubation period averaged 5 to 8% of the initial lignin in the substrate (25% Klason lignin basis), except for strain A2, whose value was 15%, and strains All and A14, whose values were 2 to 3% (Fig. 3) . On the basis of carbohydrate loss, the strains could be listed in three major groups: strains A2, A3, A4, and A8 with carbohydrate losses of 38 to 48%, strains A7, A6, S. viridosporus T7A, A10, and All with losses of 20 to 30%, and strains A20, A12, and A14 with losses below 20% (Fig. 3) . All values reported above are averages of five replicates. In addition, the values are reported after the subtraction of the values for the corresponding controls. The initial Klason lignin and carbohydrate contents of the lignocellulose were 25 and 56%, respectively.
The values of S. viridosporus T7A for weight, carbohydrate, and Klason losses were similar to those previously reported, but the APPL yield was slightly lower (5). The APPL harvesting method could be partially responsible for the difference. As reported by Giroux et al. (16) , the time of harvesting after starting the APPL precipitations can considerably influence the recovery of APPL.
The strains showing greater weight losses also showed greater Klason lignin losses and relatively high APPL productions. Exceptions were strains A4, A6, and A20, where the low values of weight loss and APPL production seemed to indicate a low bioconversion, despite relatively a great Klason lignin loss. This might be explained considering that, in grass lignocelluloses, lignin is closely associated with carbohydrates and that strains A4, A6, and A20 are known to be good cellulolytic microorganisms (30) . The cellulase complex may have removed carbohydrates together with some attached lignin. Once this lignin was removed, A4, A6, and A20 might not have an efficient system with which to attack the remaining lignin and/or to effect bioconversion of lignin to APPL. Moreover, if we consider the 14C-labeled water-soluble products from [14C-cellulose]lignocellulose degradation as shown in Fig. 1, A4 , A6, and A20 showed the highest values. On the other hand, in strains A2, A3, A4, A7, and A8, the 14C-labeled water-soluble products recovered were very low, indicating that the lignin-carbohydrate complexes undergo extensive further degradation. In fact, in these strains, APPL production is higher than in the other strains. Strains A10, All, A12, and A14 seemed to show that weight loss was due more to carbohydrate loss than to lignin loss, a conclusion that is also supported by the low APPL yields.
Strains A6 and T7A raised the pH of the medium from the original value of 7.1 up to 7.5 to 8.0 after 4 weeks of growth. All of the other strains showed a final pH of around 6.6 to 6.7. The increasing alkalinity of the medium in S. viridosporus T7A culture was previously reported by Pometto and Crawford (32) . In comparison, cultures of the Kenyan isolates showed a final slightly acidic pH. These strains, having been isolated from a different habitat from that of S. viridosporus, may also differ in their metabolism of organic compounds, so that fewer basic metabolites are released into the growth medium.
With the substrates and cultural conditions used, and by the assays employed, several of the Kenyan actinomycetes appear capable of greater lignocellulose degradation than does S. viridosporus T7A. Strain A2 was a particularly interesting culture, showing especially good lignin-converting capacity.
Weight loss tests were useful as a measure of overall lignocellulose bioconversion ability, but were not useful in the identification of good lignin-solubilizing strains. The screening procedure based on 04C02 evolution was more definitive in measuring lignin-solubilizing ability than was the weight loss procedure, unless this latter procedure was carried out together with the measurement of APPL yield. The correlation might be even stronger if APPL were measured by the procedure of Giroux et al. (16) .
Conditions used in the present research were optimized for S. viridosporus T7A. Since there are distinct differences between the Kenyan strains and S. viridosporus T7A, differences can also be expected for optimal lignin metabolism. The APPLs produced by the Kenyan bacterial strains also need to be chemically characterized in order to better understand the metabolic capabilities of these strains and to elucidate how they attack the lignin polymer. Finally, cellulolytic enzymes probably play a role, in addition to cellulose hydrolysis, in the degradation of lignocellulose, increasing the accessibility of ligninolytic enzymes to the lignin in the plant tissue.
Extracellular peroxidase production in liquid culture. All 11 of the Kenyan strains showed extracellular peroxidase activity against 2,4-DCP in media with and without lignocellulose. With each strain, the peak of peroxidase activity (activity units per minute per milligram) in both media occurred at the same time, shortly after growth peaked. Maximal activity was reached after 2 days of growth with all strains, except for A4, A20, and T7A, which reached their peaks at 3.5, 1, and 3 days, respectively. The peak in peroxidase activity occurred 12 to 24 h after the growth peak for all of the strains, except for strain A20, where the two maximal values occurred simultaneously. The peroxidase activities of the strains could be compared by expressing activity as a ratio of the peak of enzyme specific activity from media with versus without lignocellulose. These rates were determined prior to death phase to avoid extraneous factors, such as proteolysis, that would affect peroxidase activity. Such a ratio is useful for comparing strains for peroxidase enhancement in activity in the presence of lignocellulose. On the basis of ratio values, the actinomycetes fell into the same three major lignocellulose-degrading ability 2216 PASTI ET AL. groups as they did when the other assays were used ( Table  1 ). The best lignocellulose degraders (the first group was strains A8, A2, A7, and A3) increased their synthesis of peroxidase more than did the other strains when grown in medium containing lignocellulose. The intermediate group (strains A4, T7A, A6, and All) showed a slightly detectable or not detectable increase, and, with the poorly lignocellulolytic group (strains A10, A12, A20, and A14), the ratio actually fell to less than one. An example of the relationship between peroxidase activity and culture growth in the presence or absence of lignocellulose for S. chromofuscus A2 versus S. viridosporus T7A is shown Fig. 4 .
Overall, these data indicate that about 20 to 25% enhancement of production of 2,4-DCP-oxidizing peroxidases is typically observed in the most highly lignocellulolytic strains on the addition of lignocellulose to the growth medium. Previously, it has been shown that 2,4-DCP is a good substrate for assaying actinomycete lignin peroxidase (35, 37 
